Industrialized watersheds have elevated risk and limited opportunities to mitigate risk through water trading  by Reddy, Sheila M.W. et al.
Contents lists available at ScienceDirect
Water Resources and Industry
Water Resources and Industry 11 (2015) 27–45http://d
2212-37
(http://c
n Corr
E-mjournal homepage: www.elsevier.com/locate/wriIndustrialized watersheds have elevated risk and
limited opportunities to mitigate risk through
water trading
Sheila M.W. Reddy a,n, Robert I. McDonald b, Alexander S. Maas a,c,
Anthony Rogers a,d,h, Evan H. Girvetz e,i, Jennifer Molnar b,
Tim Finley f, Gená Leathers f, Johnathan L. DiMurog
a Ofﬁce of the Chief Scientist, The Nature Conservancy, 334 Blackwell St., Suite 300, Durham, NC 27701, USA
b Ofﬁce of the Chief Scientist, The Nature Conservancy, 4245 N. Fairfax Dr, Suite 100, Arlington, VA 22203, USA
c Department of Agricultural and Resource Economics, Colorado State University, Clark B-320, Ft. Collins, CO 80523, USA
d Nicholas School of the Environment, Duke University, Box 90328, Durham, NC 27708, USA
e Ofﬁce of the Chief Scientist, The Nature Conservancy, 1917 1st Avenue, Seattle, WA 98101, USA
f Texas Operations, The Dow Chemical Company, 2301 Brazosport Rd., APB Building, Freeport, TX 77541, USA
g Global EH&S and Sustainability, The Dow Chemical Company, 2020 Dow Center, Midland, MI 48674, USA
h Pew Charitable Trust, 901 E. St., NW, Washington, DC 20004-2008, USA
i International Center for Tropical Agriculture, CGIAR, Kasarani Rd., ICIPE Complex, P.O. Box 823-00621, Nairobi, Kenyaa r t i c l e i n f o
Article history:
Received 12 January 2015
Accepted 3 April 2015
Keywords:
Corporate sustainability
Hydro-economic model
Water scarcity
Climate change
Environmental market
Ecosystem servicex.doi.org/10.1016/j.wri.2015.04.001
17/& 2015 The Authors. Published by Elsev
reativecommons.org/licenses/by/4.0/).
esponding author. Tel.: þ1 202-674-4847.
ail address: sreddy@tnc.org (S.M.W. Reddya b s t r a c t
Businesses are increasingly concerned about water scarcity and its
ﬁnancial impacts, as well as competing needs of other stake-
holders and ecosystems. Industrialized watersheds may be at more
serious risk from water scarcity than previously understood
because industrial and municipal users have inelastic demand
and a high value for water. Previous water risk assessments have
failed to sufﬁciently capture these economic aspects of water risk.
We illustrate how hydro-economic modeling can be used to
improve water risk assessments at a basin scale and we apply the
methodology to the industrialized Brazos River Basin (85%
municipal and industrial withdrawals) and consider implications
for The Dow Chemical Company's Freeport Operations in Texas, US.
Brazos water right holders pay only operating and maintenance
costs for water during normal periods; however, when shortages
occur, leasing stored water or reducing production may be the only
mitigation option in the short-run. Modeling of water shortages
and the theoretical cost of leasing water under nine combinedier B.V. This is an open access article under the CC BY license
).
S.M.W. Reddy et al. / Water Resources and Industry 11 (2015) 27–4528scenarios of demand growth and climate change suggests that
water lease prices to industry could increase by 9–13X. At best, a
more developed water rights and storage lease market could result
in lower lease prices (2–3X); however, given that transactions
would be limited it is more likely that prices would still increase by
4–13X. These results suggest that markets are unlikely to be a
robust solution for the Brazos because, in contrast to other
watersheds in the Western US, there is little reliable water to
trade from low value users (agricultural) to high value users
(industry and municipalities). Looking at demand trends across the
contiguous US as an indicator of water risk, 2% of watersheds have
municipal and industrial demands that outstrip total surface and
ground water supplies and in these watersheds industry has
historically paid higher lease prices for water. This study provides
new ways for businesses to characterize water risk and forecast
water prices that uncovers hidden water risk and highlights the
positive but diminished mitigating effects of water markets in a
highly industrialized basin.
& 2015 The Authors. Published by Elsevier B.V. This is an open
access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Businesses are increasingly using a variety of tools to report and manage their impacts and
dependencies on water resources. As of 2012, 76% of the 250 largest businesses are reporting on water
and 44% report plans to reduce water use [1]. Developing strategic plans for water presents new
challenges to businesses. Currently, there are a variety of tools to help businesses assess water risk
across sites, through their value chain, and within their supply chain [2–5]. Yet, these tools do not
provide information on the economic value of water to the business or to other stakeholders. This
means that businesses may underestimate risk or mis-characterize risk, especially in highly developed
or industrialized river basins. A number of businesses have begun to make efforts to better understand
the value of water and the approaches have been varied [6]. For example, Puma estimated the cost to
society of water used in their supply chain and reported it in their Environmental Proﬁt and Loss
Account and Hitachi assessed the ﬁnancial and social costs and beneﬁts of a new water supply and
treatment plant [7]. Here we demonstrate the use of basin-scale hydro-economic modeling to
characterize water risk, forecast water prices, and assess market solutions. We apply this approach to
inform business strategies for future scenarios of climate change and water demand at The Dow
Chemical Company's largest facility in Freeport, TX at the mouth of the Brazos River.
Water is a unique resource that provides both private (e.g., bottled drinking water) and public (e.g.,
recreation) goods and services. As a result, markets do not provide good information on the value of
water nor do they result in optimal allocation of water [8,9]. Hydro-economic models, or linked
hydrological and economic models, therefore have been important tools to evaluate water policy and
management decisions over the last 25 years [8]. Hydro-economic models vary in their particular
design and complexity. However, the models are typically designed to represent spatially distributed
water resource systems, infrastructure, and water demand by different types of users. Harou et al. [10]
and Booker et al. [8] provide comprehensive and recent reviews of hydro-economic models and their
applications. Although these models have been primarily used by governments, they may be of great
use to businesses that want to better understand future trends in water shortages, economic losses,
and prices at a basin scale in order to develop new water strategies and solutions.
Historic trends in economic development led to an increase in total water use and a reallocation of
water from agriculture to municipalities and industry (M&I) [9,11]. Now the majority of the world's
river basins are classiﬁed as water scarce [12] and, on average, 70% of water use in high-income
S.M.W. Reddy et al. / Water Resources and Industry 11 (2015) 27–45 29countries is from M&I as compared to 18% for low to middle-income countries [13]. Previous analyses
of water use show that M&I water users have relatively inelastic demand and are willing to pay (WTP)
high prices for water as compared to agricultural users [14–18]. In river basins dominated by M&I, this
means that M&I water demand may drive-up short-term water prices and thereby spur large
economic losses during droughts. For example, the median price of water rights purchased by M&I
users from agricultural users in the Reno/Truckee Basin, US, between 2002–2009 was $15.30/m3
($18800/acre-ft), while the median price paid by agricultural users was $1.30/m3 ($1600/acre-ft)
(2012 USD, value in perpetuity) [19]. During droughts, high-value, water-intensive businesses, such as
clothing, food and beverage, biotech, petrochemical, electronics, mining, and electric utilities may
have no recourse except to pay high prices or reduce production and thus risk substantial economic
losses if no water is available for trading [20].
The risk associated with trends in climate change and M&I demand has not been easy for
businesses to account for in regular ﬁnancial planning, in part, because water prices rarely reﬂect the
forces of supply and demand [9]. Instead, water prices are often set by utilities or governments,
or they do not exist at all [21]. When water trading does occur and market prices exist, these prices
may be highly distorted, in part, because current institutions restrict water trading in order to ensure
that any water trade is conducted with an “absence of damage” [22]. More critically, even when
institutions enable efﬁcient trading, market prices during normal years do not provide a good
indication of the value of water during drought years when relatively inelastic demand from M&I
users could cause water prices to rise quickly. Water risk assessments that measure water scarcity
(total water use/total water available) [e.g., [12]] or water stress (total water withdrawals/total water
available) [e.g., [23]] have been helpful in shedding light on where future shortages are most likely to
occur. However, these risk assessments do not provide sufﬁcient information on the potential
economic impacts of shortages or the ability of water markets to mitigate these shortages because
they do not adequately account for the effects of water demand from different water users.
To address this challenge, we show how simple hydro-economic modeling can be used to assess
water risk to business, using The Dow Chemical Company's Freeport Facility on the Brazos River as a
case study. The Brazos River spans 840 miles across the state of TX from northwest TX to the Gulf of
Mexico. Along its lower reaches, it is an important source of water to the petrochemical industry and
various municipalities. The most recent estimates of water use in the Brazos show that 85% of water
use is by M&I users and total demand from M&I is expected to increase in the future (Fig. 1).
In addition, the Brazos is a river characterized by highly variable ﬂows where storage is needed to
make water rights reliable through the year. After the drought of record in the 1950s, reservoirs were1%
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Fig. 1. Water demand by scenario and sector. The 1999 demand level was based on measured historic use. Demand for 2040
was modeled based on trends in population growth, economic development, technology change, and historic demand. Fully
permitted demand is a scenario in which water users divert their entire legal water right.
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new drought of record and that there is insufﬁcient stored water [24]. In 2011–2012, the Brazos
experienced an extreme drought where some stretches of the river ran dry and water right holders
relied heavily on stored water, leased water when available, or decreased water use [25,26].
We used hydro-economic modeling to examine the effects of future climate change and M&I
demand-driven water shortages on economic losses, willingness to pay for water, and market prices
in the Brazos River. We also evaluate the degree to which water trading could mitigate the economic
impacts of shortages, with implications for the many other river basins across the US and the world
that share a similar high M&I demand and declining water availability. Lastly, we put the results from
the Brazos River in context by examining patterns in water stress, M&I water demand, and water lease
prices across the contiguous US (water lease prices were only available for 12 western states).
This study provides new ways to characterize risk that reveals hidden water risk from previously
unaccounted for economic trends in water demand and points to the limitations of markets and the
importance of new solutions for water scarcity.2. Methods
To characterize future water in the Brazos River Basin, we examined nine combined climate and demand
scenarios with and without cross-sector market trading. This involved four main steps. First, to estimate
naturalized ﬂows, we input downscaled climate data for the three climate scenarios into a Variable
Inﬁltration Capacity (VIC) model [for detailed methods, see [25]]. Second, we translated naturalized ﬂows
into water availability and shortages for water right holders using the version of the Water Availability
Model (WAM) used in regional planning for the Brazos River [for detailed methods, see [25]. Third, we
estimated the economic losses and willingness to pay or marginal value for water from different sectors
(mining, industry, municipalities, and agriculture) under each climate-demand scenario. Fourth, we
simulated cross-sectoral trading of water to forecast market prices and evaluate opportunities to mitigate
economic losses. We also assessed water stress, water M&I demand, and water lease prices across the
contiguous US in order to assess hiddenwater risk fromM&I demand in other watersheds and to take a ﬁrst
step in exploring how these spatial trends relate to spatial trends in market prices for water in 12 western
states.2.1. Scenarios
Future water availability was modeled under three demand scenarios (1999 levels, 2040 levels, and
full permit) (Fig. 1) and three climate scenarios (characterized by high, medium, and low ﬂows) for a
total of nine scenarios of climate and demand over the period 1950–2098. Demand scenarios were
estimated using the Texas Regional Water Planning process. The 1999 demand level was based on
measured historic use. Demand for 2040 was modeled based on trends in population growth,
economic development, technology change, and historic demand. Fully permitted demand is a
scenario in which water users divert their entire legal water right.
Climate scenarios were based on three emission possibilities based on the Intergovernmental Panel
on Climate Change's 4th assessment scenarios for future greenhouse emissions (A2, “high”; A1B,
“medium”; B1,”low”). Global climate projections were taken from the World Climate Research
Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset
[27]. The effect of greenhouse gas emissions on climate was estimated in 16 individual General
Circulation Models (GCMs), to capture model uncertainty in the response of the climate system to a
given level of GHG emissions. Each WCRP CMIP3 climate projection was bias-corrected and spatially
downscaled to 1/8-degree spatial resolution to remove the bias in the simulations and to produce a
higher resolution dataset useful for regional hydrologic applications.
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The hydrologic simulations based on these climate projections were commissioned by the United
States Bureau of Reclamation (USBR) as part of its West-Wide Climate Risk Assessments (WWCRAs) to
provide risk assessment information for climate change risks to snowpack, changes in the timing of
streamﬂow, and changes in the quantity of runoff [28]. Their analysis used GCM weather data as input
to the VIC model (version 4.0.7), a spatially distributed land surface hydrology model that solves the
water balance at a daily time-step at each 1/8-degree model grid cell [29–31]. The hydrological
simulation methods resulted in spatial ﬁelds of runoff and baseﬂow that were then routed through a
schematized stream network of the Brazos River Basin to produce streamﬂow estimates at speciﬁed
ﬂow locations (control points for the WAM model, see below) for each of the climate projections.2.3. Water availability modeling
To bring together information on changes in water supply and water demand, we utilized the version
of the WAM used for the most recent regional planning process for the lower Brazos River [32]. We fed
the bias-corrected estimates of naturalized ﬂow from the VIC model into the WAM. Due to the
complexity of the WAM, it was not possible to use the full ensemble of GCMs in this analysis since
estimating every permutation would be computationally excessive and provide little insight. Instead,
three representative GCMs that spanned a range of predicted ﬂows in the Brazos were selected to
deﬁne our three climate scenarios: 1) “Medium ﬂow”: near 50% of all GCMs in terms of predicted river
ﬂow, 2) “High ﬂow”: 80% of all GCMs in terms of predicted river ﬂow, and 3) “Low ﬂow”: 20% of all
GCMs in terms of predicted river ﬂow. Note that all three GCMs were for the “medium” (A1B)
emissions scenario.
The Brazos WAM also requires a time-series of evaporation rates for 67 control points (e.g.,
reservoirs). To forecast future evaporation rates, we used a statistical model that describes for historical
data how estimated net evaporation (potential evapotranspiration, calculated from temperature, rainfall,
and other metrological data, minus rainfall) correlates with actual measurements of net evaporation.
We then applied this model to forecast future evaporation rates using climate projection data.
To examine trends in water availability, we calculated annual water reliability (percent of demand
met) for individual industrial water rights and for aggregate water rights by sector. We used a locally
weighted regression model to estimate the temporal trends in water reliability for individual
industrial water rights over the nine climate-demand scenarios. We plotted the temporal trend in
water reliability for aggregate water rights by sector. We then used a Tobit regression model to
estimate the effect of the nine climate-demand scenarios on the aggregate water reliability for each
sector over thirty year periods from 1951 to 2098. A Tobit model was appropriate because water
reliability is a limited dependent variable: reliability only takes on values from 0 to 100.2.4. Economic modeling
2.4.1. Overview
We estimated the economic losses from future water shortages over the next 30 years under each
climate-demand scenario without a market that facilitates trading across sectors and with a market
that facilitates trading across sectors. This allowed us to examine how water trading could reduce
economic losses and to forecast water prices. This model is based on sector-speciﬁc demand functions.
We estimated economic losses without market trading (the status quo) by inputting the projected
shortages from the WAM into each demand function. To estimate the economic losses with market
trading, we use a simple linear optimization model to ﬁnd the allocation that maximizes total value.
From this optimal allocation, losses were then calculated for each sector without including
compensation for trades because in reality it is unclear who would capture the welfare gains from
trade. It should be noted that because the demand functions are parameterized with historic lease
price data they may underestimate the loss of value due to decreased production. This modeling
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information needs for strategic business planning.
2.4.2. Economic losses without market trading
Ideally, demand functions would be estimated empirically for individual water users or sectors.
However, given that this type of information is not available, we chose a functional form, quadratic,
for the water demand models that is consistent with economic theory and parameterized the sector-
speciﬁc demand functions with data from the literature. Water demand and supply were aggregated
by use type deﬁned in the WAM to create four users (mining, industrial, municipal, and agricultural).
A limitation to this approach is that it does not account for non-extractive direct use values and
indirect use values, such as recreation, amenity values, and environmental values. Aggregating by use
type is somewhat akin to assuming that users within a type can trade, which is a reasonable
simplifying assumption because trades within use groups require considerably less oversight than
across use groups under Texas law. Note that hydropower was not included because it represented a
very small part of total demand and water withdrawals are mostly returned to the river.
In order to represent diminishing marginal returns of water and to be consistent with the literature
[15,33], we chose a quadratic beneﬁt function and used the corresponding linear inverse demand
function to equate marginal values. Thus, the total beneﬁt across every user was modeled as:
VðQ Þ ¼
X30
t
½ð1þδÞ t
X4
i
αiβiqit
 
qit  ð1Þ
where V is the present value of the water withdrawals across all four sectors over the next 30 years.
This is the discounted sum of the beneﬁts to each sector (i) in each time period (t) associated with
water withdrawn (q). The sector-speciﬁc parameters for the beneﬁt functions (α, β) were estimated
using the historical quantity demanded and lease prices paid (see Section 2.4.4). The discount rate (δ)
is set at 5%, which represents a middle value between the return on private investments [34] and a
social discount rate [35]. To calculate the economic loss due to shortages, we used the beneﬁt function
to calculate the difference between beneﬁts from the amount of water demanded and the amount of
water received for each sector in each year. Given that these functions are parameterized with historic
lease price data as a measure of willingness to pay for water, the results can be thought of as the
theoretical cost of leasing water within each sector.
While the derived function makes sense for producers (industry, agriculture, and mining), we
recognize that the beneﬁts in municipal use may reﬂect consumer utility instead of proﬁt. Thus
consumer theory may dictate the use of a utility function to estimate true value. The key difference
being that in the case of water, utility functions would spike towards inﬁnite as supply approaches
zero. However, we can ignore this caveat by acknowledging that municipalities themselves demand
water, which they sell to consumers. Thus utility is not a concern of this model and it is assumed that
residential use will be met but that the cost of meeting these demands creates the municipality's
demand function.
2.4.3. Economic losses with market trading and market clearing prices
To estimate the reduction in economic losses due to market trading across sectors and forecast market
prices, we implemented a static trading model. Trading occurs in aggregate across sectors ignoring
geographic limitations, which means that these estimates should be thought of as describing the
upper bound for mitigating losses through trading. The market equilibrium conditions were
calculated annually and trade between time periods was not allowed. Although a dynamic model
could be used to obtain an optimal solution over the entire period, it is unrealistic to assume such
planning and collaborationwould occur in the real world, especially given storage constraints. Thus, in
each year, it is straight forward to equate the marginal beneﬁt across users by solving the ﬁrst order
conditions of the maximization problem:
VtðqitÞ ¼maxqit
X4
i
αiβiqit
 
qit ð2Þ
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X4
i
qit ð3Þ
where Qt is the total water available in time t and qit is the amount used by sector i in time t.
The constraint ensures that the sum of the water allocated in each period to each sector must be
less than or equal to the total water available in that period. Pnt , or the equilibriummarket price, can be
calculated from the ﬁrst order conditions derived from the above equation, in which all marginal
values of water are set equal. The total quantity in each use type is also solved from these ﬁrst order
conditions and is represented as qni : Once P
n
t and q
n
it are calculated, the surplus, or the total value to the
water user, can be estimated under trade scenario allocations and compared to the total value without
a free market. The present value of the avoided economic losses, therefore, was calculated as:
X30
t
ð1þδÞ t
X4
i
αiβiqnit
 
qnit
X4
i
αiβiqsit
 
qsit
" #
ð4Þ
where subscript s denotes the amount allocated to each sector under the status quo, i.e., no trade.
Given that these functions are parameterized with historic lease price data as a measure of willingness
to pay for water, the results can be thought of as the avoided cost of leasing water due to facilitating a
market for trading across sectors.
We ran two simulations of the model: 1) with free trade across sectors, and 2) with restricted
trading to represent more realistic limitations to trading that may exist in the Brazos. In the restricted
simulations, we assume that only 50% of the volume of agricultural water rights would trade water to
reﬂect the possibility that agricultural water rights may be unreliable and that agriculture may not be
willing to trade water due to non-monetary beneﬁts associated with agricultural livelihoods. We also
assumed that municipalities would not lease any water, which could be reasonable if the primary use
of municipal water is for drinking water. Importantly, we were unable to account for technical or
logistical limits to trading such as conveyance and storage that may further restrict trading. Note also
that our model ignores the fact that currently municipalities sell efﬂuent water in secondary markets.
This is a reasonable simpliﬁcation because increased water use efﬁciency in the future may make
these markets less important.
2.4.4. Model parameters and data
To derive the beneﬁt function and calibrate the alpha and beta parameters, initial prices, quantities,
and elasticity estimates were required. The elasticity estimate and the beneﬁt function are straight
forward derivations from the linear demand function, P0i ¼ αiBiQ0i . The beneﬁt function is then
calculated as the integral such that the value of water in a use type is:
RQ
0 αiBiQð ÞdQ -αiQ 12BiQ2-
αi 12BiQ
 
Q : Thus use-type beneﬁt functions are straight-forward derivation once initial prices,
quantities, and elasticities are available.
Initial quantities demanded were calculated as the historical allocation, ðqsi Þ, plus the shortfall in a
given time period estimated by the WAM for each demand scenario such that Q0i ¼ qsitþsi. Initial
marginal values ðP0i Þ and elasticity ðεiÞ estimates were taken from the academic literature, data from
the Water Transfer Database [36], and the Brazos River Authority pricing structure (Table 1).
The marginal values for municipal, agricultural, and domestic and livestock uses were calculated
using records of transactions reported in the journal theWater Strategist and its predecessor theWater
Intelligence Monthly between 1987 and 2009 and compiled in the Water Transfer Database. The
database includes the purchase price of permanent water rights as well as temporary leases to and
from three user categories: municipal, agricultural, and environmental. Although the dataset is
missing important information like priority dates, it provides key insights into the real-world prices
paid by agricultural users, municipalities, and environmental organizations and agencies. Although
data exists for both sales and leases, we chose to use lease transactions only, because they are more
likely to represent the use value of water during a shortfall or an expected shortfall. Sale prices are
likely to incorporate a substantial speculative and security value, which should not be included in the
use value losses associated with shortfalls. In addition, lease prices should also be seen as a lower
bound of willingness to pay since most leasers are agricultural users and lessees are municipal users.
Table 1
Water leasing prices and own-price elasticities from a database of water leases in the 12 western states
of the US, the published literature, and the Brazos River Authority.
Use type Prices 2012 USD/m3 (2012 USD/ acre-ft) Elasticities
Agriculture $0.03 ($43a) 0.51b
Municipal $0.10 ($125a) 0.51c
Industrial $0.24 ($302d) 0.12e
Mining $0.29 ($363f) 0.32g
a To represent prices paid during shortages, we took the 3rd quartile values from the lease price
reported monthly between 1987 and 2009 in the journal Water Strategist and compiled in the Water
Transfer Database [36]. These values are consistent with real-world prices, such as the Brazos River
Authority interruptible water leasing prices—$0.04/m3 ($43.75/acre-ft) for agricultural use and $0.05/m3
($62.50/acre-ft) for other uses.
b [16].
c [15]. Other studies are consistent with this value estimate [38].
d $302/per acre-ft is the one time lease rate for industry from the Brazos River Authority [37]
e [17]. Estimates for the petrochemical industry were used because according to the 2011 Region H
Water Planning document, “Two thirds of all U.S. petrochemical production and almost a third of the
nation's petroleum industries are located in Region H” [40].
f [14].
g [18]
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buy water for well below their willingness to pay.
Given that the Water Transfer Database did not have price data speciﬁc to industry and that industry
is extremely heterogeneous, the marginal values for industry were assumed to be equal to the local
price ($0.24/m3 or $302/acre-ft) available to industry for leasing large quantities of water under a one
time, short-term contract from the Brazos River Authority's Water Supply Agreement [37].
After initial values, ðP0i Þ, were calculated, demand elasticity estimates were taken from the
economic literature. The value of 0.51 for municipalities was chosen based on Espey et al.'s [15]
meta-analysis where, after adjusting for outliers and theoretical inconsistencies, 90% of their
estimates fell between 0.75 and 0 with a mean of 0.51. It is worth noting that there are many
other studies examining this phenomenon, and while the results vary slightly, they are consistent
with the chosen range [38]. Elasticity estimates for agriculture were taken from another meta-analysis
paper in which we used values from studies conducted after 1980 [16]. Although the year 1980 is
somewhat arbitrary, considerable technological and efﬁciency changes have occurred over the past 50
years and price elasticity estimated from the 60 s and 70 s may be less indicative of today's
agricultural practices. Dropping these pre-1980 values also creates a range in line with more recent
estimates [39] and coincidentally creates a mean of 0.51.
Industrial elasticity estimates were more difﬁcult to determine, and as one would expect, largely
depend on the industries involved. According to the 2011 Region H Water Planning document, “Two
thirds of all U.S. petrochemical production and almost a third of the nation's petroleum industries are
located in Region H” [40]. Thus, it seems reasonable to use an elasticity estimate based on
petrochemical industrial use, which Renzetti estimated to be 0.12 in his 1988 paper [17]. The
elasticity chosen for mining is somewhat less robust, 0.14 was chosen, but there is relatively little
literature available in this area [18]. Given the well-recognized gap in the economics literature when it
comes to deriving industrial demand for water [8], these were the best available estimates.2.4.5. Sensitivity analyses
We explored the sensitivity of the economic loss and price results to three assumptions. First, we
examined the sensitivity of the results to the choice of functional form of the beneﬁt function by
comparing results from the quadratic beneﬁt function with results from a linear beneﬁt function.
The linear beneﬁt function essentially holds prices constant, however, this seems unlikely to reﬂect
reality. Second, we calibrated and ran the economic model under two speciﬁcations for the initial
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a price for industry reported in the academic literature ($0.06/m3 or $78/acre-ft) [14]. The reported
price for industry is much lower than the local price because it reﬂects a range of high- and low-value
industry, which may make it inappropriate for this application to the high-value petrochemical
industry in the Brazos Basin [40].
2.5. Water stress, municipal and industrial demand, and prices in the US
Following methods from Averyt et al. [23], we calculated the Water Supply Stress Index (WaSSI) in all
of the watersheds (USGS hydrological unit code 8) in the contiguous US using the following equation:
WaSSIi ¼
WDi
SWiþGWi
ð5Þ
where WDi is the water demand based on water withdrawals, SWi is the surface water supplies, and
GWi is the groundwater supplies in watershed i. The water withdrawal data is based on 2005 USGS
water withdrawal estimates for the following sectors: public supply, domestic, irrigation, livestock,
aquaculture, industrial, mining, and thermoelectric power. One short-coming is that these data do not
account for return ﬂows. The surface water supplies are based on an average of annual estimates for
2000–2010 from the US Forest Service Water Supply Stress Index (WaSSI) Ecosystem Services Model,
which simulates a full water balance for each watershed using watershed speciﬁc information on land
cover and soils [41]. The groundwater supplies were based on 2005 USGS groundwater withdrawal
estimates.
We also calculated the WaSSI due to municipal and industrial water withdrawals alone, WaSSIMI.
In this case, WaSSIMI only included water withdrawals from the following sectors: public supply,
domestic, industrial, mining, and thermoelectric power. To illustrate the additional risk that may
result from demand from municipal and industrial users that have inelastic demand and a high
willingness to pay for water, we mapped an index we call the water demand stress index for
watersheds with WaSSI41. We deﬁne the demand stress index (WaDSI) as WaSSI (1þWaSSIMI).
As an initial visual exploration of the potential spatial correlation between WaSSI, WaSSIMI, and
prices faced by municipalities and industry, we mapped average water lease prices to municipalities
and industry in the 12 western states (Arizona, California, Colorado, Idaho, Montana, New Mexico,
Nevada, Oregon, Texas, Utah, Washington, and Wyoming) from 2000 to 2010, which were obtained
from the Water Transfer Database [36]. Unfortunately, meaningful statistical analyses of the
relationship between water price and these indices is not possible because time series data is
currently not available on water demand and this is critical for controlling for state-level ﬁxed effects.
Note that data on water lease prices were unavailable from other states and lease data for municipal
and industrial users were pooled and are unavailable as individual categories. We chose to only use
data on leases because lease prices are more likely to represent the value of water during a shortage or
an expected shortage than permanent sales prices, which capture speculative values as well.3. Results
3.1. Trends in water demand and water supply reliability
The most recent estimate of total water demand (1999) is 1760 million m3/year (1.426 million acre-
ft/year) with the majority of demand from municipalities (56%), followed by industrial uses (29%),
agriculture (14%), and mining (1%) (Fig. 1). The projections we used for 2040 demand predict a 38%
increase in demand over 1999 levels resulting in a total water demand of 2440 million m3/year
(1.978 million acre-ft/year) (Fig. 1). The increase in total demand reﬂects an increase in the
proportion of water used by municipalities, industry, and mining and a decrease in the proportion of
water used by agriculture. If all legal water rights were used to their fully permitted levels, total water
demand would increase over 1999 levels by 67% (to 2,940 million m3) (2.383 million acre-ft) and
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demand (84%) (Fig. 1).
Increased demand in the basin and climate change are projected to decrease the reliability of
individual industrial water rights (percent of water right demand met), based on trends in reliability
estimated using a locally weighted regression model (Fig. 2). Reliability of individual industrial water
rights is expected to decrease under all future climate change conditions, with the impact increasing
over time (Fig. 2). Decreases in reliability of individual industrial water rights are predicted to be
disproportionately greater under climate scenarios characterized by low ﬂow as opposed to those
characterized by medium or high lows (Fig. 2).
Although there is some potential to make water rights reliable through intra and inter-sector
trading, our analysis of aggregate water reliability for each sector (percent of total sector demand met)
under these three demand scenarios and three climate scenarios shows an increase in the gap
between water supply and water demands in the future (Fig. 3, Table S1). Even if demand stayed at
1999 levels, agricultural, industrial, and municipal sectors would experience decreased reliability
under a future climate scenario characterized by low water ﬂows; however, water reliability may
be unchanged under climate scenarios characterized by medium or high ﬂows (Fig. 3, Table S1).
In contrast, under 2040 or full permit demand scenarios, agricultural, mining, and municipal sectors
would be less reliable under any climate scenario and the industrial sector would be less reliable
under a climate scenario characterized by low ﬂow (Fig. 3, Table S1). Across sectors, aggregate
industrial and municipal water supplies are more reliable than agricultural and mining water supplies
because of the seniority of water rights and the location of water rights (Fig. 3).3.2. Future economic losses and limited mitigating effects of market trading
Under a climate scenario characterized by medium ﬂow, we estimate total economic losses from
water shortages increasing from $680 million (30 yr NPV) under 1999 demand levels to $760 million
(30 yr NPV) under 2040 demand levels and $900 million (30 yr NPV) under full permit. Although
trends in absolute losses are expected to increase, percentage losses are expected to remain similar or
decrease. For example, under medium ﬂow conditions, percentages of value losses due to shortages
range from 4.8% under 1999 demand levels to 3.6% under 2040 demand levels and full permit (Fig. 3).
This is in part because the WAM follows the legal or design speciﬁcations for water rights, which may
overestimate the water available. We focus on the percentage change in losses in Fig. 3 because the
absolute value is sensitive to the speciﬁc modeling assumptions while the percentage change is more
robust.
To report trends in economic losses across sectors as well as for the effect of a water market and
water prices, we focus primarily on one scenario, full permit-medium ﬂow, because our medium ﬂowR
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Fig. 2. Water supply reliability for industrial water rights by demand scenario. Fitted values from locally weighted regressions
of annual water supply reliability for each industrial water right and demand scenario are plotted for three climate conditions
that are characterized by low, medium, and high ﬂows. The ﬁtted values from a linear model for all scenarios are also plotted.
Fig. 3. Water supply reliability by sector and demand scenario. Annual aggregate supply reliability for each sector and demand
scenario is plotted for three climate conditions that are characterized by low, medium, and high ﬂows. The ﬁtted values from a
linear model for all scenarios are also plotted. Regression analysis of the effect of demand conditions, climate scenario, and time
period on average reliability over 30 year time periods (Table S1) shows that reliability decreases in the future for all sectors,
with industrial water supplies being the least affected.
S.M.W. Reddy et al. / Water Resources and Industry 11 (2015) 27–45 37scenario represents a likely scenario for future climate conditions and, when shortages occur, reliable
senior water rights are being used at their fully permitted levels.
Our projected shortages are predicted to yield very different levels of economic losses across
sectors. Under the full permit-medium ﬂow scenario, industry and agriculture may represent similar
percentages of the total basin shortages (23% and 30%, respectively) over the next 30 years (2013–
2042). However, industry may account for a disproportionate amount of the total economic losses
(50%) compared to agriculture (8%).
Changing water governance in the Brazos River Basin to facilitate and encourage market trading may
reduce, but is unlikely to eliminate, future economic losses due to shortages. Under these assumptions,
we estimated that unrestricted trading across sectors could reduce losses by 2.3 percentage points (or
64 percent) under medium ﬂow-full permit (Fig. 3). However, restricted trading, which may be a more
reasonable assumption for the Brazos, would only reduce losses by about half as much (1.3 percentage
points or 36 percent) (Fig. 3).3.3. Projected increase in willingness to pay for water and market prices
Modeling of the marginal value of water to each sector under future climate and demand scenarios
predicts that all sectors would be willing to pay more than historic observed lease prices (Table 1) or
the current Brazos River Authority (BRA) lease price of $0.05/m3 ($62.50/acre-ft) (Table 2). This is
indicative of the potential of future shortages, combined with high willingness to pay and inelastic
demand, to put upward pressure on lease prices through market forces. We focus on reporting the
ratio of modeled prices to the BRA price because the absolute value of prices is sensitive to the speciﬁc
Table 2
Observed and modeled prices for the Brazos River Basin, TX and the Western US.
5th percentile 50th percentile 95th percentile
Modeled average value by sector in the Brazos (2013–2042)
Mining $1.37 $1.43 $1.67
Industry $1.35 $1.36 $1.40
Municipalities $0.21 $0.21 $0.22
Agriculture $0.08 $0.08 $0.09
Modeled marginal value by sector in the Brazos (2013–2042)
Mining $0.35 $0.45 $0.94
Industry $0.43 $0.43 $0.53
Municipalities $0.11 $0.12 $0.13
Agriculture $0.05 $0.06 $0.06
Modeled market price for the Brazos (2013–2042)
No restriction $0.11 $0.11 $0.13
Restrictions $0.22 $0.28 $0.54
Observed market price in the Western US (2000–2010)
To municipalities or industry $0.01 $0.08 $0.53
To agriculture $0.01 $0.05 $0.22
To environmental use $0.05 $0.08 $0.10
a:All values are in 2012 USD per m3.
b:Average value and marginal value by sector and market prices are for the full permit and medium ﬂows scenario.
c:Note that the corresponding median value of an industrial water right in perpetuity is $8.90/m3 (as compared to $0.43/m3 for
the marginal value or $1.36/m3 for the average value).
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water and agriculture only leases up to 50% of the total water volume associated with agricultural water rights. Fig. S1 shows
results for additional assumptions on the functional form of the beneﬁt function (linear or quadratic) and the starting price for
industry ($0.06/m3 or $0.24/m3).
S.M.W. Reddy et al. / Water Resources and Industry 11 (2015) 27–4538modeling assumptions while the relative change is more robust. Under medium ﬂow and full permit
conditions, the projected median willingness to pay for water from industry and mining is 9X the BRA
rate, while municipalities are expect to be willing to pay 2X. In contrast, the 95th percentile
willingness to pay from mining is 19X, from industry is 11X, and from municipalities is 3X (Table 2).
Fig. 5 shows the projections for the willingness to pay from industry ranging from 9–13X across all
0
5
10
15
0
5
10
15
0
5
10
15
2010 2020 2030 2040 2010 2020 2030 2040 2010 2020 2030 2040
Trade−No Restriction, 1999 Trade−No Restriction, 2040 Trade−No Restriction, Full Permit
Trade−Restrictions, 1999 Trade−Restrictions, 2040 Trade−Restrictions, Full Permit
No Trade, 1999 No Trade, 2040 No Trade, Full Permit
Low Flows Medium Flows High Flows
M
od
el
ed
 P
ric
e/
O
bs
er
ve
d 
BR
A 
Pr
ice
Year
Fig. 5. Ratio of modeled prices to the observed Brazos River Authority price ($0.05/m3) over the period 2013–2042 for three
climate scenarios and across three demand scenarios. Three prices are modeled: willingness to pay or the marginal value of
water to industry (No Trade), the market price with restrictions that municipalities will not lease water and agriculture will only
lease up to 50% of the total volume of agricultural water rights (Trade-Restrictions), and the market price with no restrictions
(Trade-No Restrictions).
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over the period from 2013–2042.
Market trading could keep lease prices considerably below the marginal value to buyers. If water
could be easily reallocated from low value users to high value users until marginal values were
equivalent, the estimated market price becomes much more stable and hovers around 2–3X the BRA
rate across all climate and demand scenarios (Fig. 5). However, if trade is restricted, market prices
would still increase by 4–13X across all climate and demand scenarios (Fig. 5).3.4. Limitations and sensitivity analyses of the economic model
These loss, willingness to pay, and market price estimates are based on our estimate of use-type
speciﬁc beneﬁt functions that enable us to model how much a user from a particular sector (e.g.,
mining, industry, municipalities, or agriculture) may be willing to pay for water based on historical
water leases and economic analyses of water use. If historic market prices paid for water were far
below the user's actual willingness to pay for water, future economic losses, willingness to pay, and
market prices may be far greater than those we project here. Speciﬁcally, these models do not account
for value loss due to lost production directly; this is only captured if it is reﬂected in historic lease
price data. In addition, the model does not include non-extractive direct use values or indirect use
values, such as recreation, amenity values, or environmental values. Economic losses also have ripple
effects through the economy that will magnify total economic losses and that are not captured by
these models, and while an input-output model could be used to estimate such effects, it is beyond
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would smooth and hence limit the effect of extreme shortages experienced within a year or for
particular water rights. As a result, these models are not useful in characterizing extreme short-term
or intermittent drought conditions and the associated extreme increases in losses or water prices that
may be expected. In addition, our demand functions are held constant across each year which does
not include certain trends that are likely to exacerbate economic losses, namely population growth
and demand hardening. Demand hardening is a difﬁcult to quantify concept that describes a water
system's inability to conserve during times of drought as it eliminates slack and inefﬁciencies
overtime [42]. For these reasons, results presented herein should be considered as a lower bound
estimate.
We examined the sensitivity of losses, willingness to pay, and market price projections to the
functional form of the beneﬁt functions and the initial starting price for industry. If we assume linear
beneﬁt functions, total beneﬁts are approximately a quarter as large and losses are approximately half
to three-quarters as large. As expected, beneﬁts and losses projected using a lower initial starting
price for industry are lower than those projected using a higher initial starting price; however, these
differences are less pronounced for results using the quadratic beneﬁt function due to diminishing
marginal beneﬁts (Fig. S1). Modeled market prices from unrestricted trading using a linear beneﬁt
function are smaller and more variable than modeled prices using a quadratic beneﬁt function
(Fig. S2). Lower initial starting prices for industry also result in lower modeled market prices;
however, this difference is less in the case of the linear beneﬁt function (Fig. S2).
We also examined the effect of different combinations of restrictions on trading on projected
market prices (Fig. S3). We found that only restricting municipalities from selling water or only
restricting the volume of sale from agriculture to 50% has minimal impact on project prices (Fig. S3).
However, implementing both restrictions resulted in higher and more variable market prices than in
the unrestricted market simulation (Fig. S3).
3.5. Water stress, municipal and industrial water demand, and water lease prices in the contiguous and
western US
Looking beyond the Brazos River to the 2142 watersheds of the 48 contiguous states, 6% of watersheds
have water stress measured by WaSSIZ1.0, indicating that water withdrawals are greater than water
supplies (Fig. 6). These watersheds are concentrated in western states with the most extreme water
stress occurring in the arid southwest near major population centers. There is also evidence of water
stress 41 around Lake Michigan and in the southeast. Based on these annual data, the Brazos River is
not classiﬁed as water stressed, which may reﬂect the highly seasonal ﬂows in the river and the fact
that the WaSSI also accounts for groundwater supplies. The WaSSI calculated for municipal and
industrial withdrawals only (WaSSIMI) shows that in 2% of watersheds the WaSSIMI is Z1 meaning
that municipal and industrial users alone withdraw more water than is locally available. Importantly,
some of the most water stressed watersheds also have high water stress due to municipal and
industrial users. Looking just at watersheds with a WaSSIZ1.0 and using WaSSIMI as an indicator of
additional hidden water risk due to the inelastic demand and high willingness to pay of these users,
we calculate a new water demand stress index (WaDSI¼WaSSI (1þWaSSIMI)). We show that on
average the WaDSI is 63% higher than the WaSSI. Importantly, patterns in water stress, water stress
from municipal and industrial users, and our new index, WaDSI, appear to correspond spatially with
higher water lease prices to industrial and municipal water users in the Western US over the same
time period (2000–2010).4. Discussion
Water stress is increasingly recognized as a global problem. Its consequences for people and entire
economies will depend very much on the details of demand for water, as well as future climate
scenarios. Our analysis shows how businesses can use hydro-economic modeling to integrate
information on economic demand in assessments of water risk at a basin-scale. Speciﬁcally, we show
Fig. 6. Characterization of water risk in 2142 watersheds in the contiguous US using (A) the water supply stress index (WaSSI),
(B) the WaSSIMI for municipal and industrial demands, (C) a new indicator called the water demand stress index (WaDSI) that
uses WaSSIMI as an ampliﬁcation factor for WaSSI in watersheds with WaSSIZ 1 in order to represent the potential impact of
inelastic demand and high willingness to pay from these users on economic losses and water prices, and (D) observed water
leases prices paid by municipal and industrial users.
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users in a basin as well as forecast water prices under different future climate, demand, and market
conditions. Modeling water shortages and economic losses provides important insights into potential
future trends for the business and other water users across a basin. Modeling future water prices
provides, for the ﬁrst time, information on water that is similar to forecasts for oil, gas, and other
critical inputs and that can be used for strategic planning [43]. Importantly, these water prices are
based on economic information about demand from different sectors as opposed to being regulated
prices [9,21]. Both the detailed hydro-economic modeling results and more coarse modeled and
historic data for watersheds across the US suggest that industrialized river basins may have hidden
water risk that can be accounted for with tools such as those presented here. Businesses that use these
tools to integrate economic information into their water risk assessments and to look across broader
spatial and temporal scales may have a strategic advantage.
Strategic planning based on water risk scenarios that incorporate hydrology and economics may
provide more realistic scenarios and uncover hidden water risk. The hydro-economic model we
employ here is just one possible version that could be employed by businesses. To be consistent with
regional planning processes, we chose to use Brazos River Water Availability Model (WAM) to explore
different scenarios of climate change and demand growth. The naturalized water data inputs for the
WAM were based on using detailed down-scaled climate data to drive a Variable Inﬁltration Capacity
model (VIC). These choices meant that we were using state-of-the-art and policy-relevant water
supply and demand data that was consistent with Dow's previous water modeling work. However, the
WAM still may underestimate future shortages and economics losses because it only models the legal
or design speciﬁcations and not actual behavior. Our approach required substantial effort and time,
which may be out of scope for different users and different applications. With this in mind, we
designed the economic modeling to be simpler and ﬂexible enough to apply using input data coming
from a variety of hydrological models or data sources. For example, it would be possible to use WaSSI
water model data to drive this model at a watershed scale and the online WaSSI tool enables users to
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may be important applications that relax some of the strict assumptions employed here and develop
more complex models [10]. For instance, we chose to use observed prices paid for water as an
indicator of the willingness of various sectors to pay for water, but this means that we may have
underestimated the willingness to pay for water during droughts due to a lack of observed data.
In order to explore impacts during extreme droughts, future applications could use surveys to elicit
willingness to pay for water or apply data obtained from more extreme drought conditions in other
locations. In addition, the results of these modeling exercises could be linked to regional economic
models and used to examine the ripple effect of droughts on the economy, which would likely
increase estimates of economic losses reported here. Similarly, building on recent advances in hydro-
economic modeling, future applications could include non-marketed values for water such as
recreational and environmental uses [8]. Lastly, structural changes to the model could help explore
ﬁner spatial and temporal patterns, as well as incorporate dynamic feedbacks between the
hydrological model and economic model over time. Currently, the model used in this paper smooths
out effects of extreme short-term (sub-annual) drought conditions or extreme effects on individual
water right holders by aggregating at the annual and sectoral level. Despite these limitations, our
estimates of market prices are consistent with observed water lease prices and prices paid for water
rights in perpetuity in the Western US.
Regardless of the exact approach, hydro-economic modeling may be a tool for scenario planning that
helps businesses develop water strategies and plan for investments in technological solutions inside their
fence-line and to seek out nature-based, collaborative or policy solutions that reach across a basin and to
other stakeholders. Many stakeholders view water markets that enable trading of water from agriculture
to M&I as the solution to future climate change and demand-driven water shortages because of the
potential efﬁciency gains from these transfers [44,45]. Water markets have helped mitigate the impacts of
shortages in places like the southwestern US, Australia, Chile, China, and South Africa [46]. Our results also
show that more efﬁcient trading of water can mitigate impacts of shortages; however, the beneﬁts are
diminished in industrialized basins because there are few water users that are willing to supply water
during droughts and many of these water rights are unreliable due in part to a lack of storage. The current
global trends of industrialization, urbanization, and climate change suggest that the gap between water
demand and water supply is only going to widen [47–49]. Our hydro-economic modeling of the Brazos
River and data fromwatersheds across the US suggests that these conditions of water demand stress may
be associated with increases in economic losses and prices. A future with high water prices and large
economic losses could lead to conﬂicts between industrial, municipal, and agricultural users that feel that
each other's water use is infringing on their business, livelihood, or basic right to water [50]. We show that
growth in demand, especially from M&I users will only exacerbate these problems, while climate change,
which has not been accounted for in many regional water plans, including the Brazos River plans, may
also make them more frequent. Importantly, although the impacts of climate change were less important
than the impacts of demand over the next 30 years, our modeling results out to 2098 indicate a greater
impact of climate on water supplies in the second half of the century [25].
To avoid future economic loss and conﬂict from water shortages, our results suggest that multiple,
additional strategies are urgently needed to reduce risk in demand stressed basins. Increasingly,
in places like Texas, people are recognizing that comprehensive solutions that involve diverse strategies
will be needed because water trading is not a panacea, despite the fact that water trading can improve
market efﬁciency [45]. The particular geography, ecology, culture, and governance of a basin will
determine which suite of strategies is best. For instance, strategies beyond water trading may be
particularly important in demand stressed basins where agriculture also provides large beneﬁts, such as
food security and amenity or cultural values [51,52], that are not well-captured in the market prices for
agricultural water. To build robust water plans in these demand stressed basins, strategies that ﬁt into
three major categories should be explored: 1) enhance supply (e.g., surface ﬂows and groundwater
inﬁltration), 2) reduce demand, and 3) increase mechanisms for transfers across space, time, and users (e.
g., reservoir storage or facilitating trading). These strategies may rely on new technology such as covered
reservoirs that reduce losses from evaporation or nature-based solutions such as restoring native plants
that enhance inﬁltration and river ﬂows. In fact, a recent investigation of nature-based or collaborative
solutions for this basin suggests that these solutions may be cost-competitive with traditional solutions,
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[25]. Enacting many of these solutions will require basin-level collaboration to make potentially large
investments to sustain river ﬂows [53]. The good news is that the high value of water in demand stressed
basins also means that returns on water investments in these basins may be high.5. Conclusions
Hydro-economic modeling is a tool that businesses may use to assess water risk at a basin-scale under
a variety of scenarios in order to inform strategic planning. This is an important advance from existing
water risk tools that focus primarily on hydrological factors and treat water demands as ﬁxed
requirements rather than based on economic and ﬁnancial decision-making [10]. Speciﬁcally, the
analysis presented here helped The Dow Chemical Company at Freeport to make plans to track
indicators of supply shortages such as evaporation in their water management plans, communicate
the hidden risk in basins dominated by industrial and municipal demand, and seek out solutions
beyond water markets.
These models could be used alone or, as in the case of The Dow Chemical Company at Freeport, as
part of a suite of models or analyses that 1) estimate the current and future economic value of water to
the business using replacement cost or production function approaches [25], 2) as shown in this
study, assess water risk by modeling basin-scale trends in water shortages, economic beneﬁts and
losses, and water prices that may feedback to affect the value of water to the business and other
stakeholders, and 3) identify and evaluate solutions to water scarcity using triple bottom line
accounting (e.g., value to the business, society, and the environment) [25].
From a Brazos River Basin perspective, the analysis highlights that M&I users are at risk of supply
interruption due to deﬁcient basin storage and supply reserves and that risk increases as demands grows
in the basin. Climate change and the effects on rainfall and evaporation have potential to further increase
supply risk for basin users. Conservative estimates of loss based simply on historic lease prices are
estimated to be $900 million (30 year NPV). However, the actual ﬁnancial consequences of shortages is
potentially orders of magnitude larger because the price of water is currently far less thanwhat individual
users may be willing to pay based on the value derived through the use of purchased water.Acknowledgments
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